INTRODUCTION
Atherosclerosis is a chronic progressive disease, affecting the medium and large arteries, in which lipid-triggered inflammation plays a pivotal role (1-3). The major clinical manifestations of atherosclerosis are coronary artery disease (CAD), leading to acute myocardial infarction (MI) and sudden cardiac death; cerebrovascular disease, leading to stroke; and peripheral arterial disease, leading to ischemic limbs and viscera (4) . These complications of atherosclerosis are leading causes of death worldwide (5) . Despite progress in medical and revascularization therapies for atherothrombotic disease, the incidence of MI and stroke remain high under the current standard of care (6) (7) (8) , and the past decade has generated few new medical therapies to prevent atherosclerosis-induced events. Similarly, current diagnostic approaches to atherosclerosis do not accurately identify those individuals who will suffer an ischemic complication (9, 10) . The field of atherosclerosis is therefore ripe for reengineering in both the therapeutic and diagnostic arenas (9, 11, 12) .
Research into the process of atheroma lesion development and maturation has implicated many immune cells including lymphocytes, dendritic cells, and neutrophils (3) . The most numerous cells in atherosclerotic plaque are macrophages, which are leukocytes that are central to the innate immunity [see Perspective by Schulz and Massberg (13) ]. Because they play a major role in instigating plaque development and complication-both of which are inflammation-related disease processes-leukocytes are promising targets for more effective atherosclerosis treatments (1, 3, 11, 14) . However, the complexity of the immune system and its role as a defensive force against infection require novel tools to very precisely identify and treat the inflammatory cells that promote atherosclerosis. Biomedical engineering offers unique possibilities for diagnosing and treating atherosclerotic plaque inflammation. Thus, interfacing engineering with immunology will be essential to meaningful advances in disease management.
This review discusses how recent discoveries in atherosclerosis immunology can provide opportunities for diagnostic imaging of atherosclerotic plaques and cardiovascular complications of atherosclerosis, including translatable molecular imaging techniques. Integrated diagnostic modalities have uncovered new pathways that can serve as potential diagnostic and therapeutic targets, and we predict that these pathways can be specifically modulated by nanomedicinebased interventions.
IMAGING PLAQUE INFLAMMATION
Noninvasive computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound have traditionally been used to image large arteries anatomically, whereas the nuclear imaging techniques positron emission tomography (PET) and single-photon emission computed tomography (SPECT) have been used to image exogenously administered radiotracers (9) . In diagnosing atherosclerotic disease, X-ray, MR, or CT angiography can reveal the narrowing of the vessel lumen, known as stenosis (9) ; CT angiography can even be used to visualize narrowing in smaller, more distal coronary artery segments. Unfortunately, lumen imaging does not necessarily identify which atherosclerotic plaques are at phenotype-dependent risk of rupture or progression, nor can it show outward remodeling of the vessel wall.
An imaging method with superior spatial resolution, intravascular ultrasound (IVUS), uses a catheter that is distally functionalized with a miniaturized ultrasound transducer. IVUS can measure vessel wall thickening and potentially compositional information ("virtual histology") in atherosclerosis and may be able to predict whether individual plaques will cause ischemic events (14) . Because IVUS is an invasive procedure, however, alternative ways to measure vessel wall thickness are under development. MRI, by comparison, can noninvasively visualize the vessel wall (thickness) and characterize plaque composition using multiparametric imaging protocols that typically use different image sequences to generate contrast between plaque structures, such as the fibrous cap and necrotic core (15, 16) .
The shift from diagnosing artery lumen stenosis to visualizing vessel wall components paralleled new vascular biology insights into key features of the vulnerable atherosclerotic plaque (Fig. 1 ). Leukocytes and their associated inflammatory actions are hallmarks of atherosclerotic plaques prone to ruptures that cause catastrophic complications, such as MI and stroke (4) . MRI contrast agents can be applied to image such rupture-prone plaques (17) . Typically, T1-shortening agents are based on gadolinium chelates (18) , whereas T2(*)-shortening agents are based on iron oxide nanoparticles (19) . The former agent class brightens T1-weighted MR images; the latter gives rise to T2*-weighted hypointensity at sites of iron oxide accumulation. Iron oxide nanoparticles can be derivatized with coatings and targeting moieties that cause specific interactions with inflammatory plaque components, such as macrophages residing in the plaque or adhesion molecules expressed by endothelial cells, thereby allowing visualization by MRI ( Fig. 1) (20) . Subsequent refinement of iron oxide contrast agents included additional labeling to enable validation of new targeting components with optical techniques, such as near-infrared fluorescence (NIRF) imaging, fluorescence histology, and flow cytometry (20) , which are primarily used in preclinical settings. After preclinical studies that used iron oxide nanoparticles to delineate plaque macrophages (21) , the first atherosclerosis imaging studies in patients were conducted more than a decade ago (22, 23) .
The specific imaging of cellular and molecular biomarkers, inherently the domain of PET and SPECT, has been designated "molecular imaging" (24) . As a research field, molecular imaging intersected with cardiovascular disease at the beginning of the 21st century (25, 26) . Most PET systems also integrate CT, which provides anatomic detail and enables absolute radiotracer quantification through attenuation correction. Combined PET-MRI systems are now available thanks to a new generation of PET detectors, in which the photomultiplier technology is Fig. 1 . Imaging cellular processes and inflammation in atherosclerotic plaques. Inflammatory atherosclerosis can be diagnosed and monitored by clinical and preclinical imaging methods, some of which require the administration of targeted agents. Preclinically, key inflammation imaging techniques include macrophage imaging in the vessel wall with nanoparticles, adhesion molecule imaging, or protease-specific agents, whereas splenic monocytes that migrate to the plaque can be monitored by intravital microscopy. In a clinical setting, MRI can visualize macrophage burden in human plaques, whereas dynamic contrast-enhanced MRI (DCE-MRI) and FDG-PET/ CT allow the quantification of plaque neovessel permeability and inflammation, respectively. Lowercase roman numerals match imaging approach to location in the atherosclerotic vessel. Image in (iii) obtained from (35) with permission; in (iv), from (90) with permission; in (v), from (53) with permission. Image in (vi) is an original image from Z.A.F. replaced by magnetic field-insensitive avalanche photodiodes (27) . The PET agent 18 F-fluorodeoxyglucose (FDG), which is approved for use in humans, is the most widely applied radiotracer for detecting cancer and metastases and has recently been adopted to quantitatively image plaque inflammation ( Fig. 1) (28) .
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EMERGING MOLECULAR IMAGING METHODS FOR ATHEROSCLEROSIS
Intravital microscopy Intravital microscopy (epifluorescence, confocal, multiphoton) detects fluorescent agents, proteins, and cells in live organisms. Remarkable advances now allow the study of single-cell behavior in murine hematopoietic tissues (29) , atherosclerotic plaques (30) (31) (32) , and even the mouse heart (33) . This modality helped to reveal that splenic leukocyte production increases in atherosclerosis (34) , and that inflammatory atherosclerosis progression is further accelerated by positive forward feedback loops after MI (35) , leading to frequent secondary ischemia. Major hurdles for applying intravital microscopy in cardiovascular studies include the vigorous and rapid motion of the heart and arteries. Advanced image stabilizing setups and the use of electrocardiography and respiratory gating overcome these, and allow studying leukocyte migration and interaction in cardiovascular tissues of mice that express cell-specific fluorescent reporters (29) (30) (31) (32) (33) (34) (35) . Going forward, intravital microscopy will play a major role in the preclinical identification of new therapeutic targets and in following therapeutic efficacy with single-cell resolution.
Nanoparticle-enhanced molecular MRI Inflammatory processes related to atherosclerosis that can be followed with nanoparticle-enhanced molecular MRI include neovascularization, the expression of adhesion molecules on the endothelium, plaque macrophage inflammation, and the action of enzymes produced by inflammatory leukocytes (Fig. 1) . In mouse models of atherosclerosis, small-animal MRI scanners can achieve an in-plane resolution below 100 mm at field strengths of generally 7 T or higher (36) . Typical atherosclerotic plaque regions that are imaged in mice include the abdominal aorta, the carotids, the aortic arch, and the aortic root. For the aortic root, triggering and gating methods overcome rodents' rapid respiratory and cardiac motion. In rabbit models of atherosclerosis, the abdominal aorta is typically imaged with clinical MRI scanners at a 250-mm inplane resolution (37) .
Molecular MRI using dextran-coated iron oxide is the most extensively studied method of imaging plaque macrophages in both mouse and rabbit models of atherosclerosis. Dextran-coated iron oxide combines excellent biocompatibility with an inherent affinity for plaque macrophages (20) and is the only nanoparticle agent that has translated to the clinic owing to a favorable toxicity profile and ease of production. Emerging probes for nanoparticle-based MRI include high-density lipoprotein (HDL) nanoparticles, labeled with either iron oxide or gadolinium ( Fig. 2 ) (38) , and synthetic nanoparticles functionalized with, for example, ligands that interact with the macrophage scavenger receptor (39) . Nevertheless, nanoparticle production, costs, and potential toxicity pose limits to translatability. Oxidative stress resulting from macrophage inflammation has been imaged using the myeloperoxidase sensor bis-5-hydroxytryptamide-diethylenetriaminepentaacetic acid(Gd) [bis-5HT-DTPA (Gd)] (Fig. 2) , which is retained and undergoes increased relaxivity as a result of polymerization in inflamed atherosclerotic lesions (40) . Further probe and imaging sequence development will make MRI even more useful in research involving animal models of atherosclerosis. Neovascularization and adhesion molecule expression at the activated endothelium are inherently linked to plaque inflammation (4) and are therefore interesting imaging targets. Extensive work in mice conducted with a v b 3 integrintargeted nanoparticles shows the value of angiogenesis molecular imaging for both staging atherosclerosis (41) and monitoring therapeutic response (42) . Alternatively, nanoparticle MRI of adhesion moleculeswhich are proteins that attract and recruit monocytes-is useful for noninvasively (55) with permission. DTPA, diethylenetriamine pentaacetic acid; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid.
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Nanoparticles are primarily used in preclinical studies of inflammatory pathways and may be readily labeled with fluorophores ( Fig. 2 ) for noninvasive and intravascular NIRF imaging, confocal microscopy, and flow cytometry (20) . For example, dye-labeled nanoparticles have shown that atherosclerosis enhances infarct inflammation and post-MI remodeling through oversupply of inflammatory monocytes to the ischemic myocardium (44) . Additionally, combining nanoparticle imaging with protease sensors in a spectrally resolved channel has enabled simultaneous assessment of several wound-healing biomarkers in the same mouse (44) . These nanoparticles inform on new atherosclerosis biology, which could translate to improved therapeutics and a better understanding of pathogenesis of the human disease.
Multicolor spectral CT As a molecular imaging modality, conventional CT is limited by inherently low sensitivity for exogenous agents and the consequent need to repeat scans before and after administering the agent, increasing radiation exposure. Recently developed spectral CT (45) allows so-called hot-spot imaging (46) , which eliminates the baseline scan. A dedicated detector exploits the x-ray spectrum's polychromatism and differentiates distinct materials, including tissue-borne calcium, iodine, and gold, which are difficult to differentiate using conventional CT scans. Cormode et al. (47) used this technique to image atherosclerotic plaque macrophages in a mouse model of atherosclerosis with a gold-labeled HDL nanoparticle. In both research and the clinic, CT continues to be an effective imaging tool for atherosclerosis, particularly with the currently available fast and sensitive scanners.
Fluorescence imaging NIRF imaging is an attractive alternative to nuclear imaging owing to good sensitivity, high spatial resolution, ability to distinguish multiple fluorescent dyes simultaneously, and lack of radiation (48) . Additionally, NIRF imaging is fast (a typical study takes <5 min) and is relatively inexpensive because optical imaging devices can be up to an order of magnitude less costly than MRI or PET/CT (Fig. 2) . However, the penetration depth of light is limited to about 5 cm, which restricts the use of NIRF imaging to mice and, in larger subjects, superficial structures, such as hands or breasts, particularly if fluorescence detection occurs in reflectance mode.
Fluorescence molecular tomography (FMT) (49) is a form of threedimensional imaging using fluorescent probes emitting in the nearinfrared window. It is often combined with an anatomical diagnostic method like MRI or CT (50) . FMT of atherosclerotic plaque inflammation usually uses either NIRF-tagged macrophage probes, such as Cy5.5-labeled nanoparticles, which can visualize plaque macrophages (51), or "activatable" or "smart" probes (Fig. 2) . Smart probes are quenched at injection; that is, they are not initially fluorescent, but instead become fluorescent when they interact with certain proteases (for example, cathepsins and matrix metalloproteinases) and can then be quantified with FMT. Combining FMT with smart probes can monitor the progression of atherosclerotic plaque inflammation, and a supplemental high-resolution CT angiography protocol can accurately localize fluorescence originating from the aortic root. For instance, a recent study used smart probes and FMT to visualize protease activity in apolipoprotein E (apoE)-knockout (KO) mice (Fig. 1) (52) . By monitoring protease activity, the authors could assess the efficacy of an anti-inflammatory nanotherapeutic. This apoE-KO mouse model is widely used in translational research because it develops an inflammatory atherosclerotic plaque phenotype with high macrophage content and protease activity that are akin to vulnerable lesions in human patients. Atherosclerosis research using FMT is still sparse, but the ability to monitor molecular changes makes it an attractive in vivo molecular readout.
Quantification of vessel wall inflammation by PET
In atherosclerotic rabbits, FDG-PET signal correlated with plaque macrophage burden (53) . FDG affinity for plaque macrophages relies on the high metabolic activity of leukocytes, which consequently limits the specificity of the approach. Adjacent tissues with high glucose uptake, such as the myocardium (heart tissue) next to coronary arteries, may show a high FDG signal. Coronary studies in people are already occurring with FDG-PET, but they are not easy owing to high glucose-and, hence, FDG uptake-in healthy heart tissue.
One alternative to FDG in PET imaging uses nanoparticles coated with dextran, a polysaccharide composed of many glucose molecules. Radiolabeled dextran nanoparticles are readily taken up by macrophages (54), but not by myocardium. For example, a 64 Cu-labeled dextran-coated iron oxide nanoparticle enabled hybrid PET-CT imaging of macrophages in inflammatory atherosclerosis in apoE-KO mice (51) . More recently, a next-generation version of this probe, which uses a core-free 13-nm dextran nanoparticle radiolabeled with 89 Zr (Fig. 2) , was used for PET-MRI of macrophages in atherosclerotic mice (55) . This approach effectively monitored plaque response to a small interfering RNA (siRNA) anti-inflammatory treatment. Ongoing development of novel radiolabeled nanoparticles will further improve the PET's ability to quantitatively image atherosclerosis-related processes.
ATHEROSCLEROSIS IMAGING IN PATIENTS
The latest imaging techniques described above are not routinely used to diagnose and monitor inflammation in atherosclerosis in clinical practice, although they have been explored in several clinical studies and Table 1 . Traditional endpoint trial versus imaging trial. A traditional endpoint trial typically monitors endpoints that are the consequence of the disease, such as clinical events or death, in a large cohort of patients during an extended period. An imaging trial aims to evaluate the direct effects of anti-atherosclerotic medication by evaluating its effect on the atherosclerotic vessel wall thickness and inflammatory state in a relatively small group of patients, typically in a 2-year time frame. The relative costs and number of participants are indicated.
Endpoint trial
Time (years) n participants Endpoints Cost (million USD) clinical trials. Traditionally, novel anti-atherosclerotic compounds are evaluated in large patient cohorts, using morbidity, mortality, and secondary event occurrence rates as endpoints (56) . Such trials often follow 5000 to 10,000 patients for several years and are thus very costly and lengthy; moreover, they do not necessarily inform on direct drug action. Imaging trials could precede these large and costly programs, serving as faster, more cost-effective preliminary screenings by directly measuring drug action in plaque after several months of treatment, rather than patient mortality after several years, in cohorts two orders of magnitude smaller (n = 100 to 200) than traditional studies (Table 1) . It may be beneficial to first study, for instance, a new drug's action on plaque inflammation in a small patient cohort before embarking on a trial that studies outcome by measuring clinical events and mortality. In patients, the structural composition of the atherosclerotic vessel wall can be visualized and characterized with high-resolution multicontrast MRI. Multicontrast MRI protocols typically combine bright blood time of flight imaging, to visualize blood vessels, with T1-, T2-, and proton density-weighted black blood images, to delineate the vessel lumen from the vessel wall and identify typical plaque features. These include wall thickness, intraplaque hemorrhage, calcification, the thickness of the fibrous cap, and outward vessel wall remodeling (15) . A recent study used multicontrast MRI to longitudinally study carotid artery plaque progression in symptomatic patients (57) . In some cases, Gd contrast-enhanced MRI is also used to help analyze atherosclerotic plaques, as will be discussed later.
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USPIO-enhanced MRI of plaque macrophages
Several studies have demonstrated that iron oxide nanoparticle-enhanced MRI can stratify plaque inflammation in both animals and humans, which could help differentiate plaques at risk for rupture from stable lesions (58) . If proven predictive, this method would enable clinical decision-making and facilitate emerging immunotherapeutics that aggressively alter leukocyte function in high-risk patients. Clinically, ultrasmall superparamagnetic nanoparticles of iron oxide (USPIO), which have long circulation times and can directly penetrate the plaque, have been used to measure inflammatory burden (22, 23) and the effects of lipidlowering therapy in patients (59) . Multicenter human trials are still needed to validate atherosclerotic plaque imaging before universally robust protocols are established and implemented.
Imaging of arterial wall inflammation by FDG-PET/CT FDG-PET/CT is widely applied in people for the detection and staging of various cancers and to monitor therapeutic response. Compared to USPIO-enhanced MRI, FDG-PET is easier to implement and analyze, more quantitative, faster, and does not require a baseline scan (Fig.  2 ). Rudd and colleagues pioneered applying this method to image atherosclerotic plaque inflammation (60) . Subsequent studies by several independent groups improved and validated the reproducibility and robustness of the technique in atherosclerosis (61, 62) . Since then, several clinical trials with anti-atherosclerotic therapies have integrated FDG-PET as an imaging endpoint (for example, NCT00655473 and NCT00695305). Despite its promise, the specificity of FDG-PET remains low because the cellular uptake mechanism is nonspecific, and precise data interpretation, imaging quality, and quantification need improvement.
Using FDG-PET in multicenter clinical drug trials creates additional challenges, including scanner differences among sites and vendors, discrepancies in image acquisition, and variations in data transfer and analysis. The dal-PLAQUE study, a recent placebo-controlled multicenter imaging trial (NCT00655473), investigated FDG-PET imaging of plaque inflammation and MRI of plaque volume (63, 64) . This imaging trial was part of a large program designed to evaluate the effects of dalcetrapib, a new cholesteryl ester transfer protein inhibitor, and showed FDG-PET to be a good indicator of the dalcetrapib treatment outcome. However, the drug trial was later halted. In another multicenter clinical trial (NCT00695305), the beneficial effects of intensified statin therapy were validated and differentiated using FDG-PET/CT imaging (65) .
The value of FDG-PET was exemplified in human studies, revealing a connection between systemic inflammation severity and vascular FDG uptake. Steady-state monocyte production occurs in the hematopoietic niche of the bone marrow. Hematopoietic activity regulates the supply of blood monocytes, which increases in mice and patients with atherosclerosis. In mice, ischemic events such as MI or other inflammatory stimuli may accelerate splenic leukocyte production through modulation of the microenvironment in hematopoietic niches in the bone marrow and the spleen (Fig. 1) (35) . FDG PET imaging in patients with acute coronary syndrome documented that bone marrow and spleen PET signal increases after myocardial injury and correlates with vascular inflammation (66) . A different study revealed that patients with rheumatoid arthritis have increased aortic FDG uptake compared to patients who have stable cardiovascular disease (67). Anti-tumor necrosis factor-a therapy, which reduces inflammation in diseased joints, also led to reduced aortic inflammation in patients with arthritis. Further FDG-PET imaging research is needed to elucidate if and how PET signal reflects such immune system dynamics in disease and in response to therapy.
Dynamic contrast-enhanced MRI
The dal-PLAQUE study incorporated DCE-MRI of plaque permeability (Fig. 1) , which is related to plaque neovascularity (68), as a secondary endpoint. In DCE-MRI-a technique routinely applied in oncological studies-T1-weighted MR images are acquired before and continuously after the administration of a paramagnetic contrast agent, typically Gd-DTPA or any of the other available Gd-based agents (Fig. 2) . The cumulative signal enhancement that results from contrast agent injection can be used to create area under the curve (AUC) graphs or to build mathematical models that extract parameters like k-trans, a measure of vascular permeability. DCE-MRI of the atherosclerotic vessel wall is challenging owing to blood signal from the vessel lumen and the limited wall thickness. Improving DCE-MRI acquisition speed will advance spatial resolution and allow full three-dimensional assessment of a vessel bed. Studies in both rabbits (69, 70) and humans (71) have shown good reproducibility of the correlation between DCE-MRI-derived parameters, such as AUC and k-trans, with plaque microvasculature. Because the latter parameter is a hallmark of plaque vulnerability, this technique may potentially identify atherosclerosis patients at risk of rupture.
Inflammation imaging in coronary arteries
Most clinical methods of imaging plaque inflammation target the larger vessels, such as the aorta and carotid arteries. Nevertheless, there is great interest in directly imaging plaque features in the coronary arteries because these plaques cause acute MI. Imaging the coronaries is far more challenging than the larger vessels because the smaller plaque volume requires high-resolution imaging methods, and the challenge of cardio-
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respiratory motion often necessitates gating strategies to deblur images. Accordingly, insight into human coronary atheroma has mostly been obtained through invasive intravascular imaging methods.
FDG-PET and 18 F-sodium fluoride PET have preliminarily enabled coronary plaque imaging of inflammation and osteogenesis, respectively (72). In Fig. 1 , a PET/CT image of the neck region shows uptake of FDG in the coronary arteries of a patient. Although carotid FDG-PET/ CT imaging has been shown to be reproducible and reliable, its application for the coronary arteries is challenging because of glucose consumption by the heart muscle itself. Alternatively, 18 F-sodium fluoride PET demonstrated less myocardial background signal than FDG-PET owing to the lack of uptake of 18 F-sodium fluoride by the myocardial wall (73) .
Intravascular optical imaging using optical coherence tomography (OCT) can physically detect plaque macrophages in patients. Macrophages are relatively large cells with varying refractive indices that produce elevated signal during OCT imaging (74, 75) . However, areas of calcification may limit the assessment of plaque macrophages by OCT.
Intravascular NIRF molecular imaging is an emerging catheter-based approach for imaging fluorescent molecular probes in coronary-sized arteries. NIRF catheters can detect inflammatory targets (protease activity and macrophages) through blood because NIR light travels efficiently (76) . In a recent advance, combining NIRF with OCT enabled a dual-modal molecular-structural imaging approach based on clinical OCT (77) . With the continued development of fluorescence imaging agents (Fig. 2) (78, 79) , intravascular NIRF imaging is becoming relevant for clinical intracoronary imaging of plaque inflammation.
NANOTHERAPY IN ATHEROSCLEROSIS
The dynamics of monocyte and macrophage migration determine the overall number of cells in the plaque. For instance, if oversupply and recruitment of monocytes outpaces macrophage death and departure, the number of plaque-resident cells swells and atherosclerosis progresses. In growing plaques, macrophages become dysfunctional. Instead of removing the ingested lipoprotein deposits from the artery, the cells differentiate to foam cells and die, contributing to necrotic cores. The process of macrophage death and necrotic core development can destroy local tissue architecture by secreting proteases and inflicting oxidative stress on the vessel wall. In particular, matrix-degrading enzymes such as metalloproteases may wreak havoc on the arterial wall structure while digesting the fibrous cap, thereby initiating plaque rupture. These insights make macrophages, which readily ingest nanomaterials, a prime target for novel therapeutics [see Perspective by Fredman et al. (80) ]. Therapeutically reducing their numbers can be achieved by targeting several processes (Fig. 3) , including monocyte phenotype and migration (81) , as well as by reducing the burden (82) and proliferation (83) of macrophages.
The field of oncological nanoparticle therapy has matured well in the preclinical context and is starting to become increasingly established clinically. First-generation nanoparticle therapies (for example, liposomes of daunorubicin or amphotericin) have been approved for clinical use, whereas second-generation targeted and controlled release systems are currently under trial (84) . Nanoparticle targeting of tumors has been thoroughly investigated, but there have been few studies on atherosclerosis thus far. Still, several different targeting methods have been proposed (85) . Since 2003, several studies have actively targeted atherosclerotic neovessels with nanoparticles that recognize a v b 3 integrins (41) . Natural nanoparticle targeting principles based on the inherent affinity of lipoproteins for plaques have also been studied extensively, primarily in the context of atherosclerotic plaque molecular imaging (38) .
However, studies on nonspecific accumulation of long-circulating nanoparticles over the permeable endothelium have only recently appeared (53) . A biomedical engineering approach that combined advanced microfluidics technology and in vivo studies in atherosclerotic rabbits revealed a direct correlation between the translocation of polymeric nanoparticles and endothelial permeability (86) . In a rabbit model, these polymeric nanoparticles enter the plaque via the luminal side and through adventitial neovessels that originate from the vasa vasorum. Integrating a variety of imaging modalities proved essential to unraveling the targeting mechanism.
Neovascularization within the atherosclerotic plaque is closely related to the inflammatory process as it facilitates monocyte recruitment and transmigration. In rabbits, fumagillin-loaded nanoparticles that were targeted to a v b 3 -expressing endothelial cells through a peptidomimetic have shown potential, particularly in combination with subsequent oral statin therapy, to reduce plaque neovascularization (42, 87) . Also, several strategies to directly inhibit plaque inflammation were recently reported. The first strategy targets atherosclerotic plaque with a nanoparticle containing an anti-inflammatory drug (52, 53) , whereas the second strategy focuses on systemically preventing monocytes from migrating 
M2
Anti-inflammatory Fig. 3 . Therapeutic targets in inflammatory atherosclerosis. A cascade of processes that contribute to macrophage activity and inflammation in atherosclerotic plaques can be specifically targeted to halt the progression of the disease. The migration of monocytes from the bone marrow or spleen to atherosclerotic plaque can be inhibited; the phenotype of monocytes can be modulated; monocyte migration into the plaque can be halted, or monocytes/macrophages departing the plaque can be stimulated. Moreover, macrophage proliferation and the excretion of harmful proteases or cytokines are compelling therapeutic targets. to the atherosclerotic plaque ( Fig. 3) (81, 88) . Additional inquiry into nanoparticle treatment for atherosclerosis, particularly focused on inhibiting proinflammatory processes (89), will validate these strategies and discover others.
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Direct inhibition of plaque macrophage inflammation
In atherosclerotic rabbits, Lobatto et al. (53) observed marked and persistent plaque inflammation inhibition using a liposomal nanoparticle containing glucocorticoids. A single dose significantly reduced uptake of FDG as determined by PET imaging, indicating that the plaque was less inflamed after therapy. In these studies, FDG-PET/CT imaging, discussed in an earlier section, was complemented by DCE-MRI, which corroborated the anti-inflammatory effect. The integration of a local delivery strategy with advanced multimodal clinical imaging methods (Fig. 1) , including DCE-MRI and PET/CT, shows how advances in biomedical engineering produce novel approaches to managing atherosclerotic disease. This study (53) provided the foundation for two subsequent first-inman studies of nanotherapy in atherosclerosis patients, in which the same imaging protocols are being used to monitor therapeutic efficacy of the drug-loaded liposomal particle (NCT01601106).
An alternate nanotherapeutic strategy involves statins, a class of lipid-lowering drugs with modest but well-established anti-inflammatory properties, rather than glucocorticoids. Duivenvoorden et al. sought to better exploit and improve statins' anti-inflammatory properties via an HDL-based nanotherapeutic carrier. The carrier served as a "Trojan horse" to accumulate simvastatin in the atherosclerotic vessel wall, ultimately exerting direct anti-inflammatory action on plaque macrophages in the aortic roots of apoE-KO mice (52) . Using preclinical high-field MRI and FMT/CT as well as quantitative histology and mRNA analyses, we observed potent anti-inflammatory effects in both preventive and regressive treatment regimens.
Inhibiting monocyte migration to atherosclerotic lesions
In the above examples, the atherosclerotic plaque macrophages were directly targeted to reduce vessel wall inflammation and subsequently achieve plaque stabilization. An alternative approach used systemic nanotherapy to silence the chemokine receptor CCR2 in monocytes with siRNA (81) . Recruitment of inflammatory monocytes to the atherosclerotic plaque and other inflammatory sites depends on the chemokine/chemokine receptor pair MCP-1/CCR2. A lipid-like nanoparticle carrying siRNA targeting CCR2 accumulated in circulating monocytes and in the spleen monocyte reservoir (90) . Efficient silencing of CCR2 expression in inflammatory monocytes subsequently inhibited their migration to atherosclerotic plaques in apoE-KO mice, resulting in a lower inflammatory burden in the aortic root. Mice that underwent ischemia reperfusion injury also showed reduced myocardial infarct size after treatment with nanoparticle-enabled RNA interference (RNAi) (83) . Recent proof-of-concept studies in nonhuman primates (91) and humans (92) have confirmed the potential of RNAi therapy, which may be further facilitated through nanoparticle formulations.
Patients who suffer a MI or stroke are at higher risk of recurrent events. In mice, leukocyte overproduction accelerates atherosclerosis and aggravates plaque inflammation (35) . Therefore, anti-inflammatory nanotherapies, which directly affect plaque inflammation, may inhibit plaque progression and could reduce recurrent events. To test this hypothesis and thoroughly evaluate the nanotherapy-imaging strategies detailed above, future studies should integrate immunologically focused in vivo imaging with nanotherapeutic interventions that efficiently curb plaque inflammation and aggravation, as outlined in Fig. 3 .
TRANSLATIONAL CONSIDERATIONS
The atherosclerosis community has focused on whether lesion-specific imaging can supplement clinical risk prediction models (for example, risk scores, blood biomarkers, and coronary artery calcium scoring) to better define individual risk. Thus far, the landmark PROSPECT trial (14) (NCT00180466) has demonstrated that three-vessel IVUS-virtual histology can identify unique plaque progression predictors, including plaque burden ≥70%, thin-capped fibroatheroma, and mean luminal area ≤4.0 mm 2 . However, owing to the relatively low positive predictive value of this approach (plaques with all three features still have only an 18% event rate over the 3.4-year median follow-up) and the invasive nature of IVUS, this method is not routinely used in the clinic. Consequently, new diagnostic approaches are still required.
Molecular imaging-based strategies have the potential to add orthogonal biological information about plaque phenotypes. By complementing structural or molecular imaging, these additional plaque diagnostics may improve risk prediction (that is, improve c-statistics and net reclassification indices). For example, a small FDG-PET study demonstrated that carotid plaque inflammation, but neither patient age nor degree of stenosis, was predictive for recurrent stroke (93) . In the coronary space, intravascular NIRF technology may enable similar inflammation imaging and predictive studies of nonculprit plaques in patients with acute MI. The FDG-PET study (93) and promising NIRF methodology exemplify the clinical roadmap for molecular imaging: to demonstrate utility beyond conventional imaging and clinical biomarkers, such as low-density lipoprotein (LDL) and C-reactive protein.
A second emerging field within biomedical engineering is intelligent drug delivery. Recent insights into the immunology of atherosclerosis offer new therapeutic points of attack (Figs. 1 and 3 ). This could include interfering with the life cycle of inflammatory leukocytes, including production, migration, and retention of macrophages in plaque. In addition, emerging ideas about modulating adaptive immune responses present bioengineering opportunities (94) in future vaccination strategies for heart disease, once these become feasible. However, it is also clear that we must develop tailored therapies that spare the immune system's important protective functions. For instance, macrophages are the first line of defense against infections, and that must be preserved. It is imperative to deploy our insight into the phenotypic differences that distinguish plaque-destabilizing inflammatory macrophages from resident macrophages with key sentinel functions for detecting infectious agents. That is, we must pursue interventional strategies that avoid collateral damage. Any viable immunotargeting therapy should be specific to either detrimental immune cells or noncellular immune components. Alternatively, dosing should be individually customized and closely monitored to avoid compromising the host defense system.
Ideally, nanotechnology will guide drug delivery to culprit cells and plaque, possibly with specifically engineered drug delivery particle properties, such as size, surface charge, and affinity ligands (Fig. 4) (85) . Therapeutic payloads could also be designed to interfere only with harmful immune functions while preserving others deemed essential for tissue homeostasis. Such nanotherapies could perhaps deactivate transcription factors such as interferon regulatory factor 5 (95), a master regulator that promotes an inflammatory macrophage phenotype. To achieve these
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Preclinical studies investigating nanotherapeutic interventions in atherosclerosis remain few in number, although there are substantial efforts in novel nanomaterial design and production. However, for nanotherapies to successfully translate for cardiovascular disease, their functionality and effects need to be thoroughly studied. Traditional histological assessments of plaque phenotype, microvessel, and macrophage burden do not suffice and should be complemented with gene expression and immunological readouts that elucidate the mechanisms of the nanotherapeutic interventions (Fig. 4) . Additionally, benefits will be evaluated by integrating noninvasive imaging to longitudinally assess atherosclerotic plaque biology as a function of nanotherapy intervention. It is important to closely and accurately monitor systemic effects, possibly with similar imaging methods. These imaging readouts will report on early efficacy and eventually be complemented by long-term studies of hard endpoints. Functional imaging methods, such as FMT, can monitor plaque biology in preclinical studies (51, 83) . FMT of protease activity closely correlates with plaques' inflammatory states and can indicate changes in plaque macrophage numbers or phenotypes (96) . However, FMT is an imaging modality that only works in small animals and is not used on human subjects. FDG-PET/CT may be less specific to the inflammatory process (97) but can be readily integrated into human trials.
A small number of trials have used FDG-PET/CT as an inflammation/ metabolic imaging biomarker to determine atherosclerosis drug efficacy.
The relative cost and complexity of human nanotherapy trials restrict the number of patients who can be included (Table 1) . In atherosclerosis, another major challenge is determining primary endpoints, such as the direct effects that nanotherapy may exert on vessel wall inflammation. Integrating clinically viable imaging endpoints is a prerequisite for effective nanoparticle therapies for atherosclerosis. Recently, two first-in-human nanotherapy trials were conducted in atherosclerosis patients (NCT01647685 and NCT01601106). Engineered nanotherapeutics present an interesting new treatment paradigm for halting plaque progression and rupture. Clinically, new nanotherapeutic strategies will need to demonstrably reduce incidence of MI, stroke, and mortality. Proving endpoint efficacy on top of a standard of care (that is, medical therapy with aspirin and statins) is challenging.
Nonetheless, atherosclerosis carries significant risk of recurrence, even after aggressive medical therapy, especially when considered over a patient's lifetime. For example, several studies have shown that up to 80% of patients do not reach LDL cholesterol goals on statin therapy. On a regional level, novel treatments, such as prophylactic, macrophagetargeted therapy, or "vascular paint" (insulation of inflammatory tissue from the clotting factors in blood) (98) , may benefit patients already undergoing invasive cardiac catheterization. Similarly, lesion-based therapy-initially with biodegradable, drug-eluting, or other specialized stents-is an intriguing option for high-risk plaques in patients undergoing invasive cardiac catheterization (99) . In applying regional or local invasive therapies, identifying patients with very high risk of ischemic events will be critical to realizing suitable benefit-to-risk ratios.
OUTLOOK
Twenty-first century innovations in diagnosing and treating atherosclerosis are the result of integrating cardiovascular medicine, immunology, medical imaging, bioengineering, and (bio)chemical engineering.
Cross-pollination among these fields will further increase their contributions to atherosclerotic disease management. Medical imaging is poised to noninvasively monitor atherosclerosis beyond vessel stenosis and wall thickness by assessing plaque composition and quantifying inflammatory cells and processes. In the preclinical setting, advanced molecular imaging methods already accomplish these goals with nanoparticle MRI and PET, optical techniques such as FMT, intravascular NIRF imaging and intravital microscopy, as well as the latest-generation CT imaging. Advanced high-resolution imaging that follows culprit immune cell action in inflamed plaque at the single-cell level reveals the underlying immune processes that lead to ischemic complications. Additionally, nanotechnology offers innovative tools for the developing targetspecific therapeutics in atherosclerosis. Although most imaging and nanotherapeutic studies for atherosclerosis are in the preclinical realm, early insights in first-in-human trials suggest that the most promising approaches described in this Review will affect patient care.
